Abstract -As with other biofuel crops, information on the effect of insect pollinators and landscape context on the productivity and sustainability of Jatropha curcas is lacking. We studied the effect of pollinator exclusion, self-pollination, cross-pollination and individual visits of the stingless bee Frieseomelitta nigra and the honey bee Apis mellifera on fruit set and weight of fruit and seed of J. curcas. We compared the relative abundance of both bee species on flowers and whether their attributes (ratio of male to female flowers, nectar quantity and quality) affect bee visitation rates. Finally, we sampled various plantations to analyze whether the proportion of forest surrounding a site affects bee abundance and diversity. Significant higher rates of fruit set were obtained from open, cross-pollinated, F. nigra and A. mellifera visited flowers compared to self-pollinated and non-pollinated ones revealing the importance of bees for fruit production. Frieseomelitta nigra and A. mellifera had a similar effect on fruit set and quality, but the former was significantly more abundant on the crop suggesting a better pollinator performance. Male flowers were significantly more visited than female ones by both bee species in spite of their similar amounts of nectar and sugar. The proportion of forest in the surrounding matrix had a positive correlation with bee diversity and abundance on plantations. Our results indicate that preserving patches of forest around the plantations may increase the presence of native bees on Jatropha flowers and ensure sustainable levels of pollination.
INTRODUCTION
The high prices of petroleum and an interest in reducing world dependence on it have increased the prospects and demand on biofuel (King et al. 2009; Fargione et al. 2010) . For this purpose, the plant Jatropha curcas (Mexican physic nut) has gained much attention due to the high oil content of its seeds plus its capacity to grow well in marginal waste lands (King et al. 2009 ).
Jatropha curcas is a deciduous small tree of the Euphorbiaceae family native to Mexico and Central America, but now it is well adapted to tropical and subtropical regions worldwide (Achten et al. 2010 ). In the last decade, investments and expansion of Jatropha cultivation areas have rapidly increased, in particular in Africa, China and India (Fairless 2007; Ye et al. 2009 ). There is a large body of information on the breeding system of J. curcas originated in these areas (Solomon Raju and Ezradanam 2002; Chang-Wei et al. 2007; Abdelgadir et al. 2009; Kaur et al. 2011; Luo et al. 2011) . Given the expanding cultivation of J. curcas worldwide, there is an urgent need to optimize its production through sustainable management (Abhilash et al. 2011) .
Jatropha curcas has been characterized as a monoecious and protandrous plant, i.e. unisexual flowers of both sexes appear on the same plant but male flowers open a few days before the female ones (Chang-Wei et al. 2007; Achten et al. 2010) . As flowers are unisexual, pollen needs to be transported from male to female flowers for the production of fruit and seed (Solomon Raju and Ezradanam 2002; Luo et al. 2011; Abdelgadir et al. 2012) . Although it has been shown that J. curcas can be geitonogamic, insect cross-pollination significantly increases fruit set and seed weight per plant (Chang-Wei et al. 2007; Abdelgadir et al. 2009; Pranesh et al. 2010) . Thus, harvestable yields from J. curcas for the biofuel industry and sustainable production could be strongly related to its flower visitors (Caudwell et al. 2003; Abdelgadir et al. 2009; Luo et al. 2011) .
Studies from the Old World regard bees as the main pollinating agents of J. curcas, in particular species of the highly social genus Apis (Bhattacharya et al. 2005; Atmowidi et al. 2008; Abdelgadir et al. 2009 ). However, evaluation of the pollinator performance of Apis and other bees, particularly in the region from where J. curcas originated, is lacking. The identification and quantification of the pollination service provided by different flower visitors is a prerequisite for the successful establishment of conservation and crop management (Herrera 1987; Free 1993; Jauker et al. 2012) . Moreover, pollination efficiency is likely to differ between pollinator species even within a taxon (Hoehn et al. 2008) . As J. curcas flowers are visited by various insect taxa (Luo et al. 2011) , comparative evaluations of their pollinator performance are necessary in order to determine their relative contribution to crop yields. Measuring pollinator performance includes estimations of their abundance and individual efficiency (Freitas and Paxton 1998; Ne'eman et al. 2010) .
Another factor seldom considered for sustainability of biofuel production is the landscape context in which crops are grown. Nevertheless, there is supporting evidence of a significant relationship between the proportion of natural habitat with pollinator diversity and abundance and the concomitant rates of pollination on major cash crops (Klein 2009; Ricketts 2004; Brosi et al. 2007; Kremen et al. 2007) . Documenting the impact of the landscape could be more relevant in the case of tropical crops pollinated primarily by social bees (as J. curcas seems to be), because they seem more susceptible to pollination failure from habitat loss (Ricketts et al. 2008) .
Ensuring maximum productivity of biofuel crops is of particular importance in the tropics as there is a risk that their growth can occur at the expense of forests (Fitzherbert et al. 2008; Fargione et al. 2010; Foley et al. 2011) . In this study, we surveyed plantations of J. curcas in Mexico to document the potential importance that pollinators, specifically bees, may have for the productivity of this crop. Evaluations of the individual visitation activity of honey bees and native stingless bees and their abundance were conducted as well as measures of the production and quality of fruit and seed resulting from their activity. Finally, we calculated a correlation of the proportion of secondary forest in the matrix surrounding the plantations with the number of bee species and specimen abundance in order to provide a measure of the importance of landscapes preservation for biofuel production in Mexico.
MATERIALS AND METHODS
The two parts of this study were carried out at different times. In the first part, between September 2009 and March 2010, we did controlled pollination experiments in one plantation, also evaluating the pollination efficiency of bees and the effect of flower characteristics on visitation rates. In the second part, in November 2011, we evaluated the diversity of bee species and the effect of the matrix surrounding six plantations.
Breeding system
This study was conducted in a plantation that was composed by ca. 950 plants with an average age of 5 years. To examine the reproductive system of J. curcas, we used methods for controlling pollinator access and applied pollen from different origins to experimental flowers (Dafni et al. 2005) .
Fifteen trees were selected for this experiment. Panicles with female flower buds close to anthesis were selected from each tree and covered with cheesecloth bags 2 days before the experiments were conducted. Before bagging, all male flowers and buds closer to the female ones were carefully removed using fine scissors. On the day of the experiments, three female flowers were selected randomly for each of the following treatments per tree. A group of flowers were left unbagged across the experiment to test the effect of open pollination. Another group of flowers was cross-pollinated by rubbing the pistil with the anthers of three mature male flowers collected from different plants. Sets of three different male flowers were used for each female one pollinated in this way. A similar procedure but using male flowers from the same inflorescence were used to test the effect of self-pollination. Self-and crosspollinated flowers were bagged again after treatment to avoid insect visitation. A fourth group of flowers remained bagged during the whole experiment to evaluate the effect of pollinator exclusion. Threads of different colors were tied to the base of experimental flowers depending on the treatment that they received. To avoid the intrusion of insects, such as ants, into the bags, grease and non-toxic glue (Stickem special; Seabright Laboratories) were applied to the basal stem of inflorescences.
We recorded three dependent variables on each treatment flower: fruit set, fruit weight and seed weight. Firstly, fruit set was recorded 6 weeks after the pollination experiments had been conducted; it was calculated as the ratio of fruits/female flowers for each treatment per tree. Secondly, fruit and seed weight were both measured 6 weeks after fruit set was obtained. Weighing was done in an analytical scale with an accuracy of 0.001 g. The individual values of fruit and seed weight per treatment per tree were summed and the results used in further analyses.
To achieve normality before comparison amongst treatments, the data of fruit set were arcsine transformed and those of fruit and seed weight were logtransformed. The transformed data were analyzed under a randomized block design using a GLM procedure with trees as blocks, followed by Tukey multiple comparison tests. The values of fruit and seed weight were compared removing the zero values of the flowers that did not set fruit as this effect was already considered when calculating fruit set.
Pollinator performance

Insect visitors of flowers
In a preliminary survey, registration of the taxa and number of insect visitors in the experimental plantation was conducted by walking two rows of 10 contiguous plants on two non-consecutive days. Taxa were identified directly during observations or single specimen collected when identification was impossible in the field. Three minutes of direct observation/ collection per plant were used starting at 1000 hours. The stingless bee F. nigra and the honey bee A. mellifera were identified as the most abundant species. It was also possible to observe that male flowers apparently received more visits than female ones, which was studied in further detail.
Single bee visit experiments for pollination efficiency
The pollinator efficiency of the honey bee and native bee F. nigra were also compared using a similar approach to the evaluation of the breeding system in section 2.1. We used virgin flowers that received single visits from each bee species. Three flowers per tree were pollinated in this way by each bee species and were excluded from subsequent visits by means of a cheesecloth bag. Fruit set, fruit weight and seed weight were obtained for flowers pollinated by the two bee species using the same procedure as for flowers that were hand-manipulated in section 2.1. The results of both bee species were compared between them and with the treatments used to evaluate the breeding system in 2.1 using a randomized block design followed by Tukey multiple comparison tests described in that section.
Bee visits to male and female flowers
The relative abundance of A. mellifera and F. nigra bees in the plantation was recorded on 15 trees.
Jatropha pollination by bees
One inflorescence was selected on each tree and the number of A. mellifera and F. nigra bees visiting the flowers were counted during 5 min every 2 h between 0800 and 1600 hours. The abundance was obtained by summing the number of individuals of each bee on the inflorescences for each of the 5 h of observation. In order to compare the abundance of each bee species between times, the data were log-transformed and compared using a two-way ANOVA with hour and bee species and their interaction as independent effects followed by Tukey multiple comparison tests. The proportion of visits per bee species was calculated by dividing the numbers of visits by F. nigra and A. mellifera recorded per time of observation between the total numbers of visits counted over all plants and sampling times. They were used to plot the relative abundance across the different times of day.
After this initial analysis of bee abundance, we evaluated if male flowers received more visits than female ones using two approaches. Firstly, inflorescences with different ratios of male: female flowers were identified in 15 different trees and the number of bees of each of the two species present in 5 min was counted on each plant in the period between 1000 and 1200 hours on two occasions separated by 1 day. The ratios of male: female flowers per inflorescence were correlated with the number of bees counted on the two occasions using a Spearman's correlation which significance was calculated using a hypothesis test using the Student's t approximation (Zar 1999) .
In a following step, we analyzed whether, within bee species, foragers were prone to visit more male than female flowers. For this, the number of times that one female and one male flower on the same inflorescence was visited by A. mellifera and F. nigra bees was recorded. Twenty pairs of flowers on different trees were evaluated and each pair was observed during 5 min in three occasions every 2 h between 0800 and 1200 hours. The mean number of visits by each bee type in the three observations was divided by five to obtain the abundance per min on female and male flowers. The data were log-transformed and comparisons of visits between flower type within each bee species were made using a paired t test.
An additional measure of the relative attractiveness of male and female flowers was obtained by comparing the volume and sugar concentration of the nectar produced in each flower type. For this, two male and two female buds were bagged in 20 different plants using the same procedure as in 2.1 to avoid access of insects. On the day of anthesis, both flowers of each sex were removed from each plant at 1000 hours. The nectar was obtained from each of the four flowers using capillary tubes of 5 μl that were preserved in dry ice and later observed under a microscope to measure the length and calculate the volume of nectar in the tube. Afterwards, the sugar concentration of the nectar was estimated in ºBrix using a refractometer (Bellingham and Stanley). A single estimate of the volume of nectar and its sugar content was obtained per plant by averaging the measures of both flowers per sex. The comparison between male and female flowers was done by means of a paired t test.
Bee diversity and secondary forest surrounding plantations
To evaluate if the proportion of secondary forest around plantations was important in determining bee diversity and abundance in the crops, we obtained a simple estimate relating both parameters. Six plantations were selected; the nearest distance between them was 10 km. As the total size of the plantations differed, we used a single experimental plot of 30×50 m in each; the plot was 10 m in from the edge of the plantation.
Bee diversity and abundance were obtained by direct counting and collecting of specimens with an entomological net when needed. Specimens were directly identified on the flowers or photographed for laboratory identification after which they were released. Two teams of two people worked two experimental plots simultaneously. Each observer made records while walking along a row of 20 plants, spending 2 min on each plant. Each observer walked two different rows in each plantation. Each experimental plot was sampled in two occasions separated by 1 week. The total number of specimens and species recorded in both occasions was used in further analyses.
We identified four main types of land use around the plantations: secondary forest, agricultural land, livestock farms and urban area; however, we concentrated on the proportion of secondary forest. The estimates of secondary forest 1.7 km from the edge of each plantation were obtained by means of the triangulation technique and estimation tool of Googlearth Pro (2006). We used 1.7 km to cover estimated flight range of stingless bees (Roubik and Aluja 1983; Araújo et al. 2004 ).
Shannon's diversity indices (H) were obtained from the number of individuals and species (or morphotypes) identified at each site. To determine if bee diversity and abundance were related to the landscape context in which each plantation was established, Spearman's correlation analyses were calculated between the proportion of secondary forest with the calculated H and number of specimens of the abundant A. mellifera, F. nigra and Cephalotrigona zexmeniae in each plantation. The significance of the correlations were calculated using a hypothesis test using the Student's t approximation (Zar 1999) .
All statistical analyses were conducted using the SAS statistical package 9.2 (SAS Institute 2008).
RESULTS
Breeding system
There were significant differences amongst treatments in fruit set (F 5,70 054.75; P<0.001), fruit weight (F 5,57 010.25; P<0.001) and seed weight (F 5,57 011.28; P<0.001). In all cases, the effect of tree was not significant, for fruit set (F 14,70 01.29; P00.234), fruit weight (F 14,57 01.59; P00.11) and seed weight (F 14,57 01.66; P00.09), respectively. The lowest fruit set was obtained for the treatment with permanently bagged flowers and an intermediate level of fruit set was collected for the self-pollination treatment (Table I) . Both open and cross-pollinated flowers had similar fruit set values but were significantly higher compared with self-pollinated and permanently bagged flowers. Fruit and seed obtained from permanently bagged flowers had significantly lower weights compared with the other treatments, which were not significantly different amongst them (Table I) .
Pollinator performance
Insect visitors of flowers
Bees were the dominant insects in the experimental plantation, out of a total of 368 insects recorded a total of 211 were Apoidea (57 %), followed by Formicidae (83 specimens, 22.5 %). In the Superfamily Apoidea, the following species were registered 0 Augochlorella spp. (1 morphotype 0 10 records), Lasioglossum spp. (2 morphotypes 0 14 records), F. nigra (135 records) and A. mellifera (52 records). The latter two species were predominant in the plantation, with 36 and 14 % of all insects registered, respectively. Formicidae was represented by two genera, Camponotus (38 records) and a possibly Monomorium species (45 records). Insects other than Apoidea and Formicidae were present in smaller numbers: the wasp Brachygastra mellifica (29 records) and flies of various families (35 records) as well as butterflies and beetles which were much less frequent with 5 records each. There were no statistical differences in the percentage of fruit set nor the values of fruit and seed weight between F. nigra and A. mellifera (P>0.01; Table I ). There were significant differences in the fruit set produced in bee-visited flowers with regards to the self-pollinated and pollinator-excluded flowers (see results in section 3.1), but not so with those produced by cross-pollinated and open-pollinated flowers. Interestingly, fruit and seed produced by selfpollination had similar weight to those obtained by single visits of A. mellifera and F. nigra (Table I) .
Bee visits to male and female flowers
Compared to A. mellifera, F. nigra was significantly more abundant at all times (F 1,90 0278.76; P<0.001). Time of day affected bee abundance significantly with the the highest abundance of both bee types at 1000 hours (F 4,90 036.80; P<0.001) (Figure 1) .
The inflorescences in the experimental plantation varied in the number of flowers of each sex. The number of male flowers was always higher but the ratios of male: female flowers in the experimental inflorescences ranged between 14:1 and 46:1. The number of individuals of both bee species correlated positively with the ratio of male to female flowers (F. nigra, rs0 0.858; P00.001 and A. mellifera, rs00.708; P0 0.003) (Figure 2) .
The preference of male flowers over female ones was corroborated when analyzing the number of visits that bees of each species did to both types of flower. The abundance of F. nigra and A. mellifera was significantly higher on male than female flowers (t0−0.75, df019; P<0.001 and t0−0.63, df019; P<0.001 respectively; Figure 3 ).
Nectar quantity did not differ between male (3.42±2.91 μl) and female flowers (3.05±1.98 μl; t00.19, df019, P00.851) nor did sugar concentration (male: 39.92±1.98 ºBrix and female 40.07± 3.07 ºBrix t00.61, df019, P00.547).
Bee diversity and secondary forest surrounding plantations
The diversity of bee species/morphotypes in the six plantations ranged between 6 and 14. Considering the six experimental plantations, 592 bee records were made, the dominant bees being Figure 1 . Percentage of visits done by the stingless bee Frieseomelitta nigra (white circles) and the honey bee Apis mellifera (black diamonds) to flowers of Jatropha curcas at different times of day. Means and standard deviations are presented. the highly social stingless bees Cephalotrigona zexmeniae (234 records), F. nigra (195) and the honey bee A. mellifera (78); however, the relative frequency of each species varied amongst sites. Two other species of stingless bees were found but in lower numbers Trigona fulviventris (29 records) and Nannotrigona perilampoides (16). Bee species from other taxa were found in lesser numbers, amongst them Halictids of the genera Augochlorella (2 morphotypes with 10 and 4 records each), Augochlora (3 morphotypes with 4, 7 and 8 records), Lasioglossum (4 morphotypes with 2, 2, 4 and 7 records), and 1 species of Xylocopa (2 records).
There was a positive and significant correlation between Shannon index and the proportion of forest around the plantations at 1.7 km rs00.93; P<0.001 (Figure 4) . The correlations between abundance and the proportion of forest were positive and significant for the dominant species of stingless bees (F. nigra rs00.74; P00.019 and C. zexmeniae rs00.92; P00.004). In contrast, there was no significant correlation in the case of the honey bee (rs0−0.27; P00.483). 
DISCUSSION
Our results give evidence on the importance of cross-pollination for high fruit set in commercial J. curcas plantations and that bees seem the most important pollinators due to their abundance and high efficiency regarding fruit set and quality. Moreover, we found a relationship between the landscape matrix surrounding commercial plantations with the diversity and abundance of bees in them.
Evaluating the breeding system in J. curcas confirmed that fruit and seed production could result from both self-and cross-pollination (Abdelgadir et al. 2012) . Nevertheless, higher levels of fruit set resulted only from crosspollinated flowers indicating that pollinators that can carry pollen across plants are essential in commercial plantations. Fruit was also obtained from flowers that remain bagged across the experiment, but set was very low indicating that pollen could not access through bagged flowers or that it may not be effectively dispersed by wind as suggested by Chang-Wei et al. (2007) . It has also been suggested that a percentage of fruit could be the result of apomixis (Kaur et al. 2011) , although this possibility cannot be excluded from our results, we recorded lower percentages compared to rates reported elsewhere (Chang-Wei et al. 2007) . Although under natural conditions the transference of pollen amongst inflorescences on the same plant could be feasible, self-pollinated flowers resulted in lower fruit set compared with cross-pollinated ones. It has been argued that cross-pollination is important given a time gap between anthesis of male and female flowers within an inflorescence (Solomon Raju and Ezradanam 2002; Luo et al. 2011) . Thus, although J. curcas is self-compatible, pollinators moving across plants are essential for increasing productivity and, thus, for sustainable harvests for biofuel production (Bhattacharya et al. 2005; Chang-Wei et al. 2007; Kaur et al. 2011) .
We found that bees were the most frequent insect visitors of J. curcas in Mexico. Studies in other latitudes report bees as the most important taxon for cross-pollination of J. curcas due to their large presence on the plantations as we also found, and their potential high mobility (Bhattacharya et al. 2005; Chang-Wei et al. 2007 ). However, our study is the first to compare the individual pollination performance of bees visiting J. curcas. The most frequent species in our study site were the stingless bee F. nigra and the honey bee. Both bee species were highly abundant in the morning and decreased after midday which seems to coincide with the peak of nectar secretion of J. curcas (Luo et al. 2011) .
Although both bees were effective pollinators, their abundance differed significantly. Stingless bees were present in larger numbers compared to A. mellifera, contrasting with studies elsewhere (Bhattacharya et al. 2005; Abdelgadir et al. 2009 ). This result could have important implications because pollinator effectiveness depends on the combined effects of individual efficiency and abundance (Herrera 1987; Fumero-Cabán and Meléndez-Ackerman 2007) . In our study, stingless bees with a larger population could pollinate more flowers per time unit compared with A. mellifera. It is not clear why honey bees were not abundant on the crop, as the calculated number of feral and managed colonies in the Yucatan Peninsula is above 17/km 2 (Quezada-Euán 2000). Thus, studies on the factors affecting the abundance of both bee types and comparative rates of pollen deposition/tube development are needed for a better indication of their pollination performance.
We found that the number of male flowers was correlated with the numbers of bees of both species and that male flowers were more attractive than female ones (Solomon Raju and Ezradanam 2002), even though in our plantation flowers of both sexes produced similar amounts of nectar and sugar. Differences in the relative attraction of J. curcas male and female flowers to bees could be related to pollen offer, but we did not analyze the relative abundance of pollen and nectars gatherers to support this suggestion. Selection and breeding of J. curcas aims at increasing the ratio of female flowers per inflorescence, as this should in theory increase fruit production per plant (Sakamoto and Matsuoka 2004; King et al. 2009 ). However, it is important to consider our results because selection for more female flowers could lead to a reduction in the proportion of male ones and this may affect insect visits. Our study covers only a part of the day when insects were most active, therefore evaluating differences in nectar production throughout the day, pollen depletion of male flowers and (consequently) in visitation rates to male or female flowers is important.
The last part of our study gives some additional cues to management practices that may improve the opportunities for sustainable pollination of J. curcas plantations. The diversity and abundance of native bees showed a positive correlation with the proportion of forest surrounding the crops. However, in the case of the honey bee, no correlation was evident. These results could be a consequence of their populations being potentially less affected by the natural variation of blossoms or nesting sites given the management provided by beekeepers. In contrast, meliponine populations seem strongly depending on forest habitats as providers of nesting sites and food (Brown and Albrecht 2001; Ricketts 2004; Brosi et al. 2007; Brosi 2009; Klein 2009 ). This is important as the lack of nesting sites around crops can reduce bee diversity and flower-visiting frequency (Ricketts et al. 2008) . Such a local variation in nests could for instance explain the absence C. zexmeniae in our experimental plantation. Thus, evaluations of species abundance and their effect on J. curcas pollination at a larger scale are needed.
Presently, the artificial reproduction of stingless bee colonies is limited which prevents increasing their numbers for commercial pollination purposes (Cauich et al. 2004; QuezadaEuán 2005) . Thus, the best sustainable practice to increase the numbers of native bees on J. curcas flowers would be the preservation of secondary forest areas around the crops where those bees could nest and find food, in order to increase their presence during the blossom time.
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